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The Drosophila pair-rule gene odz (Tenm) has many patterning roles throughout development. We have identified four
mammalian homologs of this gene, including one previously described as a mouse ER stress response gene, Doc4 (Wang et
al., 1998). The Odz genes encode large polypeptides displaying the hallmarks of Drosophila Odz: a putative signal peptide;
eight EGF-like repeats; and a putative transmembrane domain followed by a 1800-amino-acid stretch without homology to
any proteins outside of this family. The mouse genes Odz3 and Doc4/Odz4 exhibit partially overlapping, but clearly
istinct, embryonic expression patterns. The major embryonic sites of expression are in the nervous system, including the
ectum, optic recess, optic stalk, and developing eye. Additional sites of expression include trachea and mesodermally
erived tissues, such as mesentery, and forming limb and bone. Expression of the Odz2 gene is restricted to the nervous
ystem. The expression patterns suggest that each of the genes has its own distinct developmental role. Comparisons of
rosophila and vertebrate Odz expression patterns suggest evolutionarily conserved functions. © 2000 Academic Press
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odd Oz (odz, or Tenm) is a novel gene involved in
irecting segmentation in Drosophila melanogaster (Levine
t al., 1994, 1997a,b; Baumgartner et al., 1994). odz has been
designated a pair-rule gene, in that embryos mutant for the
gene lack every second (odd-numbered) body segment. odz
is unique in that it is the only pair-rule gene discovered
which encodes a protein involved in signal transduction on
the cell surface, rather than in transcription. This gene also
directs the development and differentiation of the embry-
onic central nervous system (CNS), dorsal vessel (heart),
trachea, and hemocytes. The gene displays further pluripo-
tency in Drosophila pupae, where it is expressed in the
maginal precursors of many adult structures. Especially
triking is the expression of odz in the morphogenetic
urrow and in photoreceptor R7 cells in eye imaginal discs
nd adjacent to compartment boundaries in wing imaginal
iscs. The nature of odz expression in these imaginal
issues (Levine et al., 1997b) implicates odz as a constituent
1 To whom correspondence should be addressed. Fax: 972 3 535
1824. E-mail: wides@mail.biu.ac.il.
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.f the Hedgehog (Hh) pathway (see Johnson and Scott, 1998)
nd as a constituent of the shared receptor tyrosine kinase
RTK) signaling pathway (see Rubin, 1989; Diaz-Benjumea
nd Hafen, 1994). These expression data have been corrobo-
ated by genetic interactions and molecular inductions
etween odz and known Hedgehog and RTK pathway
onstituents (Levine et al., 1997b; Weiss and Wides, unpub-
ished results).
odz is a more than 120-kb gene, with many sophisticated
evels of expression control. The Odz protein predicted by
he mature 11-kb message’s open reading frame is a mole-
ule of 2731 amino acids in length (Levine et al., 1997a).
The conceptually translated protein bears a putative signal
peptide followed by eight EGF-like (epidermal growth fac-
tor) repeats (see Fig. 1). The post-EGF region of Odz
(C-terminally from the EGF repeats) contains a hydrophobic
sequence which predicts a potential transmembrane do-
main (Kyte and Doolittle, 1982) and is followed by a
number of tyrosine kinase (TK) phosphorylation consensus
sites (Levine et al., 1994) in a nearly 1800-amino-acid
stretch with no SH2 or SH3 motifs (Koch et al., 1991). The
region of the Odz protein C-terminal to the EGF repeats is
in fact tyrosine phosphorylated (Levine et al., 1994; Dgany
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108 Ben-Zur et al.and Wides, unpublished), which indicates that this region is
intracellular. We envision Odz as a transmembrane protein
which contains EGF repeats capable of mediating an extra-
cellular protein–protein interaction and which is intracel-
lularly processed and phosphorylated on tyrosine. There are
no proteins with homology to the entire Odz sequence.
However, a tenuous structural analogy can be drawn be-
tween Odz and the protein Notch (see Artavanis-Tsakonas
et al., 1995). Notch is an EGF repeat containing transmem-
brane protein whose intracellular domain is cleaved, for
proposed subsequent translocation to the nucleus, in re-
sponse to extracellular signals (see Lieber et al., 1993; and
Struhl and Adachi, 1998). Some aspects of Odz posttransla-
tional modifications and signaling may prove to mirror
FIG. 1. Schematic of Odz gene homologies. The C. elegans, D.
human (ODZ1) Odz homologs are aligned schematically. In additio
to complement the incomplete mouse Odz3 (over the more tha
identical). Putative signal peptides and transmembrane domains are
phosphorylation consensus sites by the symbols PO4-Y. Thin dash
expectations from Northern blots and analogy to the full-length gen
is approximately 2800 aa. Accession numbers are AF195418 (Odz3Notch signaling (Dgany and Wides, unpublished). r
Copyright © 2000 by Academic Press. All rightBroad evolutionary conservation has been observed for
rosophila genes responsible for segmentation and seg-
ent identity (homeotic genes). However, while the ho-
eotic gene framework is functionally conserved among all
nimals, the framework for genes which direct segmenta-
ion has not been elucidated in vertebrates. Nonetheless,
ertebrate homologs of essentially all Drosophila segmen-
ation genes exist, and virtually all play roles in early
evelopment. Some Drosophila segmentation gene ho-
ologs are involved in the earliest stages of patterning in
ertebrate embryos (see Beddington and Robertson, 1999),
hile others have their Drosophila postsegmentation roles
onserved (see Hogan, 1999). For yet others, such as hairy,
here is first evidence that the genes will prove to play some
nogaster, three mouse (Odz2, Odz3, and DOC4/Odz4), and one
e sequenced portion of the human ODZ3 gene is depicted, in order
00 overlapping amino acids, ODZ3 and Odz3 proteins are 98%
ked as shaded boxes, EGF-like repeats as shaded ovals, and tyrosine
es with arrows represent uncloned portions of the genes, based on
he scale bar represents 500 amino acids; each expected polypeptide
195419 (Odz2), and AF195420 (Odz3).mela
n, th
n 10
mar
ed lin
es. Tole in establishing segment number (Muller et al., 1996).
s of reproduction in any form reserved.
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109Mammalian Odz Gene FamilyThrough EST database searches, medium stringency hy-
bridization screens, and PCR methods, we have identified
and cloned three Odz homologs in mouse. A fourth ho-
molog identified is a human sequence extracted from Hu-
man Genome Project genomic sequences, as recognized by
sequence similarity. One of cloned homologs from mouse
has been reported recently under the name Downstream of
CHOP 4 (DOC4) (Wang et al., 1998). We have isolated these
genes and have characterized their expression patterns. The
expression patterns suggest that each of the genes has
pleiotropic developmental roles which are distinct from
those of the other family members. The expression patterns
also imply that the developmental roles of Odz are evolu-
tionarily conserved from flies to mammals.
MATERIALS AND METHODS
Cloning Odz cDNAs
EST database searches using the 39 portion of the Drosophila odz
equence (and C-terminal portion of the Odz protein for translated
LAST searches) revealed several significant matches. The EST
lone 789682 was obtained and was used for hybridizations at
edium stringency, and also at high stringency, on cDNA libraries
rom 11.5-dpc (days postcoitum) mouse embryos (as in Levine et
l., 1994). This initial screen yielded partial cDNA clones of Odz2,
Odz3, and Odz4 (Doc4). The resulting clones were then sequenced
and utilized to progress in the 59 direction of the cDNAs by
carrying out reiterative, high-stringency screens for each of the
three genes. Initially, the library used was a fetal poly(T)-primed
library (kind gift of Maria Rozakis-Adcock), and then a random-
primed/poly(T)-primed mixed 15-dpc embryo library (Clonetech,
Cat. ML5003b) was used to screen for subsequent clones.
Hybridizations on human fetal brain libraries (kind gift of Anand
Swaroop) at medium stringencies were carried out using clones of
each of the three genes. As mouse and human Odz clones were
sequenced, recursive searches of the databases were simulta-
neously carried out for additional identification of relevant se-
quences. Bridging sequences were cloned by using PCR primers
flanking uncloned portions of cDNAs.
Recognizing ODZ1 from Genomic Human
Sequence
In database searches using Odz3 and Doc4 sequences, highly
significant homologies were found in a contig of human genomic
sequences generated as part of the Human Genome Project. The
human ODZ1 sequence we have extracted from the Human
Genome Project genomic sequences at Xq25 on the X chromosome
is in a well-defined contig (Chromosome X contig 993 in the
Human Genome Database (GDB), gdbwww.gdb.org/). Exons (as
recognized by comparison of Odz3 and Doc4 cDNA sequences) of
the gene are included in the contig of the overlapping clones (with
Accession numbers in parentheses): dJ394F12 (Z83823); dJ799F15;
dA83A7; dJ789O11 (AL031075); dJ384D21 (Z85995); dJ369O24
(Z81008); dJ618F1 (AL023878); and dJ1052M9 (AL022718). Some 25
“exons” in proper order are distributed over the six of eight clones
which have been sequenced (those displaying Accession numbers).
By comparing the ODZ3/Odz3 protein sequence to the content of
the identified ODZ1 “exons,” it appears that the two unsequenced
Copyright © 2000 by Academic Press. All rightclones (dJ799F15 and dA83A7) are likely to contain exons compris-
ing only up to 30 codons. ODZ1 stretches over approximately 700
kb of genomic DNA and is presumably transcribed as a greater than
10-kb message.
Computer Analysis of Sequence
Analysis of sequences was carried out using a Wisconsin Genet-
ics Computing Group software package (versions 9 and 10) on a
dedicated Unix workstation. This included sequence assembly,
database comparisons (FASTA of Pearson and Lipman, 1988;
BLAST of Altschul et al., 1990), conceptual restrictions, conceptual
translations, protein motif searches, and hydropathy analysis.
Blasting was also carried out (at www.ncbi.nlm.nih.gov/cgi-bin/
BLAST/), and PSORT II was utilized (at psort.nibb.ac.jp).
Northern Analyses
Tissues were extracted (as in Motro et al., 1991). The RNA was
subjected to electophoresis in formaldehyde containing gels and
was transferred to Magna nylon membranes (MSI). The filters were
hybridized to 32P-labeled random-primed cDNA gene probes under
standard conditions (Sambrook et al., 1989) and then exposed to
X-ray film. The sizes of the genes’ transcripts were determined in
comparison to known markers.
In Situ RNA Analysis
In situ RNA hybridization was carried out on embryonic and
adult 10-mm cryosections as previously described (Motro et al.,
1991). As an antisense probe, an EcoRI subclone of Odz3 (clone
917V) in KS1 (Stratagene), spanning nucleotides 3400 to 2300 bp
from the 39 end of the Odz3 message, was linearized at the PstI
polylinker site. This template was used to produce 35S-labeled RNA
y T7 RNA polymerase transcription. As a sense control probe, the
ame clone was labeled by linearization with HindIII followed by
se of T3 RNA polymerase. As antisense probes, a 2-kb subclone of
he 39 end of Doc4 (clone 1.71) in the pexlox vector (Novagen) was
inearized at the NcoI site, and 35S-labeled RNA was produced using
P6 RNA polymerase. As a sense control probe, the same clone was
abeled by linearization with StuI followed by use of T7 RNA
olymerase. As markers, en-1, en-2 (Davis and Joyner, 1988), and
ax2 (Dressler et al., 1990) antisense probes were used on adjacent
lides. Posthybridization washings included treatment with 50
g/ml RNase A at 37°C for 30 min and two stringent washes of 20
in each at 60°C in 0.13 SSC. The slides were dipped in Kodak
TB-2 emulsion, exposed for 5–6 days, developed, and stained
ith toluidine blue. The digoxygenin in situ hybridization was
erformed according to Wilkinson and Nieto (1993) and counter-
tained with nuclear fast red.
RESULTS
Cloning of Three Distinct Mouse Odz Homologs
Screens of the EST database with Drosophila odz DNA
and protein sequences revealed a number of mouse EST
clone entries with homology to the 39 end of the odz gene
(or C-terminal end of the polypeptide). These clones were
obtained and were utilized as probes in high- and medium-
s of reproduction in any form reserved.
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110 Ben-Zur et al.stringency hybridization screens of mouse embryonic
cDNA libraries. Initial Northern analyses carried out using
these clones (and later isolated clones) indicated that the
messages represented are all approximately 11 kb in length
(see below). By an extensive series of repetitive screening
and sequencing, we characterized messages corresponding
to three distinct independent mouse genes with high ho-
mology to odz.
The first of the three mouse genes for which we isolated
artial cDNAs has been cloned and sequenced indepen-
ently as an endoplasmic reticulum (ER) stress response
rotein induced by the CHOP pathway (Wang et al., 1998).
FIG. 2. Sequence alignment of vertebrate Odz genes’ polypeptid
sequenced cDNAs of Odz2, Odz3, DOC4_Odz4, and D. melano
genomic sequence of ODZ1 (see Materials and Methods). Note th
continuing amino acids are mouse Odz3 sequence. The sequence
923–931; Odz3_ODZ3, aa 1–921, 2202–2217, 2693–2701; ODZ1, a
2817–2825; and Dros_odz, aa 1–917, 2224–2239, 2701–2731. The C
are highly homologous to each other, with no significant gaps. Fe
EGF-like repeats; IIIA and IIIB, hydrophobic candidate transmem
consensus site. Black boxes are displayed for identity to consensus sThis gene, DOC4 (see Fig. 1), has an 11-kb cDNA which (
Copyright © 2000 by Academic Press. All rightncodes a 2825-aa polypeptide (Fig. 2 as doc4_odz4). The
econd mouse gene was named Odz3 (Fig. 1 and as
dz3_odz3 in Fig. 2). We have isolated more than 8 kb of the
9 cDNA portion of Odz3 (Fig. 1). We have also identified
he human ODZ3 gene (see below), have sequenced its 39
nd 59 ends (see Fig. 1), and have determined that it encodes
polypeptide 98% identical to that of mouse Odz3 over all
verlapping regions. The murine Odz3 open reading frame
dentified encodes more than 2400 aa. When 2400 aa of this
equence are combined in register with the first comple-
entary 305 aa of the corresponding human ODZ3 amino
erminus, they together comprise a 2705-aa polypeptide
nd Drosophila Odz. Conceptually translated polypeptides of the
r odz (dros_odz) are aligned with the translated “exons” of the
dz3_ODZ3 represents the first 305 aa of human ODZ3, and the
played for each gene are Odz2 (partially sequenced), aa 428–443,
855, 2109–2124, 2601–2609; Doc4_Odz4, aa 1–1041, 2320–2335,
inal two thirds of the proteins (which are essentially not shown)
s marked by boxes are I, hydrophobic putative signal peptides; II,
ne domains; IV, the most C-terminal tyrosine phosphorylation
nce, gray boxes are displayed for similarity to consensus sequence.es a
gaste
at O
s dis
a 1–
-term
ature
brawhich we display as one sequence in Fig. 2 as odz3_odz3).
s of reproduction in any form reserved.
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111Mammalian Odz Gene FamilyThe third of the mouse genes was named Odz2, for which
we have sequenced more than 3 kb of its 39 region (Fig. 1
nd as odz2 in Fig. 2). As in the case of mouse Odz3, the
mouse Odz2 partial sequence represents a contiguous open
eading frame followed by a 39 nontranslated region and a
oly(A) tail. This indicates that the open reading frame
xtends upstream to sequences not yet isolated. The por-
ion of the Odz2 open reading frame sequenced represents
31 amino acids of the C-terminus of the protein.
Overall, 60% amino acid identity, and 70% similarity,
xists over the sequenced regions when any pair of the three
ouse genes are compared (displayed in schematic form in
ig. 1 and in partial sequence alignment in Fig. 2). When
ompared to the Drosophila odz gene, they each bear an
verall 30% amino acid identity and a 40% similarity. They
re therefore all equally distant from the Drosophila gene
and can all be seen as homologs to the same extent to the fly
gene. Each is equally homologous to the one Odz-like gene
appearing in the C. elegans sequenced genome, R13F6.4
(genome.wustl.edu/gsc/C_elegans/) (see Fig. 1).
Human ODZ Genes, Including a Fourth Gene
Predicted by Sequences from the Human
Genome Project
In parallel work, EST database searches, PCR methods, as
well as medium-stingency hybridizations of embryonic and
other libraries revealed to us partial human cDNAs for the
three mouse genes (not shown). At the amino acid level, the
cloned human sequences are 98% identical to their respec-
tive mouse counterparts. In addition to these human
ODZ2, ODZ3, and DOC4/ODZ4 genes, a fourth human
gene sequence is evident from searches of sequences gener-
ated in the Human Genome Project (gdbwww.gdb.org).
Exons detected for this fourth gene, which we have termed
ODZ1, include coding sequence equivalent to the lengths of
Doc4 and ODZ3/Odz3. This includes sequences corre-
ponding to the Doc4 and ODZ3/Odz3 translated polypep-
tides spanning the extreme N-termini to the extreme
C-termini. The ODZ1 exons are distributed over more than
700 kb of genomic DNA, composed of clones in a contig
being sequenced. This nearly completed contig spans more
than 1 Mb of contiguous sequence on the q25 band of
human chromosome X. The amino acid sequence of the
gene bears 60% amino acid identity, and 70% similarity, to
each of the other three mammalian Odz genes over all
regions for which sequence is available. The only “exon”
not included in the gene includes what we assume to be
approximately 30 codons (by comparing to ODZ3/Odz3,
rather than to Doc4), contained in two clones in the contig
not yet sequenced (see Materials and Methods). The degree
of amino acid sequence similarity (40%) and identity (30%)
to Drosophila Odz are like those of Odz2, Odz3, or Doc4.
o portion of the ODZ1 sequence appears in the EST clone
atabase. However, by means of RT–PCR, we have deter-
ined that the gene is transcribed in human cells (data nothown).
Copyright © 2000 by Academic Press. All rightThe Vertebrate Homologs Share Hallmarks
of Drosophila Odz
The complete Odz homologs (and to the extent charac-
terized, the genes with partially completed sequences) share
the motifs identified for the Drosophila odz gene. The
vertebrate Odz homologs ODZ3/Odz3, ODZ1, and Doc4
each encode a block of eight contiguous EGF-like repeats, as
does Drosophila odz (see Fig. 1). This is one of the regions
most highly conserved between the Drosophila and mam-
malian Odz genes. These repeats represent the vertebrate
EGF repeats most similar to those of Drosophila odz, with
an overall similarity of 70% at the amino acid level. (Fig. 2,
box II). After the Odz homologs described here, the next
most similar vertebrate EGF repeats are those of the tena-
scin family, with 50% similarity, and vertebrate Notch
proteins, with a similarity of 40%, to Drosophila Odz.
Unlike Notch and Tenascin, however, the Odz proteins
described here are homologous to the entire length of the
Drosophila Odz protein and not to the EGF repeats only.
Hydrophobicity plots reveal a highly hydrophobic stretch
N-terminal to the EGF repeats in Drosophila and C. elegans
Odz, ODZ3/Odz3, ODZ1, and Doc4, which are indicative
of transmembrane domains or signal peptides (see Fig. 2,
box I). Predictors of signal peptide sequences, such as
PSORT II (psort.nibb.ac.jp), support these being signal pep-
tides. In the other direction, on the C-terminal side of the
EGF-like repeats of the Drosopila, C. elegans, and verte-
brate Odz homologs, nearly 1800 amino acids extend to the
C-terminus. Potential transmembrane spanning domains,
as predicted on the basis of hydrophobicity plots (Kyte and
Doolittle, 1983), are marked for Drosophila Odz (Fig. 2, box
IIIA, also see Levine et al., 1994) and for ODZ1 (Fig. 2, box
IIIB). The other homologous proteins at these points bear
corresponding hydrophobic stretches by the Kyte–Doolittle
algorithm, and their sequences differ from ODZ1 by 1
charged amino acid each, in box IIIB of Fig. 2. In addition,
the PSORT II program makes a strong prediction that the
ODZ1 hydrophobic stretch in box IIIB (Fig. 2) serves as a
transmembrane domain. All of the proteins (including that
of C. elegans, not shown) have an aligned arginine residue
at this point, characteristic of the end of transmembrane
domains (end of Box IIIB). Given their high overall homol-
ogy, and given proof that Drosophila Odz is a transmem-
brane protein, we assume that all of the proteins utilize a
hydrophobic stretch (either box IIIA or IIIB) in this region as
a transmembrane domain (see Discussion).
Like Drosophila Odz, the translated vertebrate Odz pro-
teins bear no known domain motif, nor homology to any
non-Odz protein, in the nearly 1800 amino acids after the
EGF repeats. They do, nonetheless, contain a small number
of tyrosines in contexts indicating tyrosine phosphorylation
consensus sites. The last of these consensus sites, for each
gene, falls in nearly identical positions in each of the
proteins, from C. elegans (not shown) and Drosophila to the
vertebrate homologs, some 490 aa from the C terminal ends
of the proteins (see Fig. 2, box IV). We have shown that the
s of reproduction in any form reserved.
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112 Ben-Zur et al.Drosophila protein is in fact tyrosine phosphorylated (Le-
vine et al., 1994).
Expression of the Mouse Odz Messages—Northern
Analysis
Odz3 (Fig. 3), Doc4, and Odz2 (data not shown) all
xpress messages which are 10–11 kb in length. This length
as seen for all Northerns executed, regardless of the
elative position within the transcript of the cDNAs used
nd regardless of the tissue examined. Developmental
ortherns of Odz3 display temporal and tissue distribu-
tions seen in Fig. 3. All of the genes are expressed in early
embryos and in adult brain, but not in spleen or liver. Odz3
and Doc4 are also expressed in testis. The expression seen
for Doc4 agree with that reported in Wang et al. (1998). The
data are also consistent with in situ hybridization data,
where preliminary data show that Odz2 expression is
strictly restricted to the CNS, while the other genes are
more broadly expressed.
FIG. 4. Expression of Odz3 and DOC4 in 7.5- and 10-dpc mo
35S-labeled cDNA probes for the DOC4, Odz3, MGF, and en-2 gen
serial sections of a 7.5-dpc embryo. E–G are serial sagittal section
10-dpc embryos. Darkfield panels are marked according to the prob
for MGF (mast cell growth factor, or Steel factor)). The structures m
diencephalon; EC, ectoplacental cone; ect, embryonic ectoderm
mesencephalon; Ra, Rathke’s pouch; SC, superior colliculus; tel, te
FIG. 3. Developmental Northern of Mouse Odz3. Lanes: a, 10.5-
pc embryo; b, 14.5-dpc embryo; c, 17.5-dpc embryo; d, brain; e,
ntestine; f, spleen; g, kidney; h, testes; i, fibroblast cell line; j,
lacenta. Top panel, Northern analysis; bottom panel, 28S rRNA as
loading standard comparison.1 mm in E–O.
Copyright © 2000 by Academic Press. All rightIn Situ Analysis of Odz3 and Doc4 Expression
Odz3 and Doc4 cDNAs were used to perform in situ
hybridizations on mouse embryos. The two Odz cDNAs
exhibited intricate overlapping, but distinct, patterns of
expression. In summary, the nervous system is the major
site for Odz3 and Doc4 expression, while outside the
nervous system, signals were mainly observed in a re-
stricted set of mesodermal structures.
By 7.5 dpc, low levels of Odz3 and Doc4 RNAs were
found in the embryonic ectoderm and its derivatives, with-
out noticeable regional localization. They were not found in
the immediately adjacent visceral endoderm, nor in any
other extraembryonic tissue (Figs. 4A and 4B and not
shown). The adjacent visceral endoderm is marked, to
provide a comparison, by the expression of MGF (mast cell
growth factor or Steel factor), which is also highly expressed
in the ectoplacental cone (Motro et al., 1991) (Figs. 4C and
4D). At 10 dpc the main persistent sites of neuronal
embryonic Odz3 and Doc4 expression are already apparent.
The highest levels of Odz3 are found in basal diencephalic
ventricular cells (Figs. 4E, 4F, 4H, 4I, 4L, and 4M) and in
Rathke’s pouch (Figs. 4E, 4F, 4L, and 4M). Lower levels were
detected in the telencephalon (Figs. 4E, 4F, 4H, 4I, 4L, and
4M). Doc4 expression at this stage is highly restricted to
distinct sites in the developing brain. The highest levels
were found in ventricular cells in the alar and basal regions
of the caudal diencephalon (Figs. 4E, 4G, 4H, 4J, 4L, and
4N). In the alar mesencephalon, high levels were found in
the caudal region (Figs. 4E, 4G, 4H, 4J, 4L, and 4N). The
identification of the mesencephalic structures expressing
Doc4 was facilitated by using en-2 antisense probe as a
marker (Figs. 4K and 4O). en-2 has been shown previously
to be highly expressed in the inferior colliculus and in a
gradient along the rostrocaudal axis of the superior collicu-
lus (optic tectum), with the highest levels found caudally
(for review see Retaux and Harris, 1996). The comparison
between the Doc4 and en-2 patterns suggests that the
inferior colliculus expresses quite high levels of Doc4,
while low levels are detected in the tectum. Moderate
signal was seen for both genes in the basal rostral rhom-
boencephalon (not shown). Moderate levels of expression
can also be detected in the mesentery of the gut (Figs.
4E–4G and not shown).
At 12.5 dpc, each gene was expressed in distinct patterns
within the nervous system, and transcripts were also found
mbryos. Cryosections were prepared and were hybridized with
e Materials and Methods). A–D are bright- and darkfield views of
10-dpc embryo. H–K and L–O are sagittal head serial sections of
sed (3 for Odz3, 4 for DOC4, en-2 for en-2 (engrailed-2) and MGF
d are *, infundibular recess; 4V, fourth ventricle; ch, chorion; die,
d, visceral endoderm; he, heart; IC, inferior colliculus; mes,
phalon; and tg, tegmentum. Scale bars equal 0.25 mm in A–D anduse e
es (se
s of a
es u
arke
; en
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114 Ben-Zur et al.in other tissues. In the developing cerebral cortex, low
levels were observed for the two genes in all layers (Figs.
5A–5F), with some higher levels of Doc4 in the mantle layer
compared to ventricular cells (Fig. 6H). Strong signals were
observed for both genes in the hippocampus (more exten-
sive labeling with Doc4) and in the thalamus (Figs. 5A–5C).
Odz3 expression in the thalamus was restricted to cells
more lateral (therefore more differentiated) than those ex-
FIG. 6. Expression of Odz3 and DOC4 in cross sections of 12.5-d
(3 for Odz3, 4 for DOC4, en-1 for engrailed-1, and Pax2 for Pax2). A
ross sections through the head (ventral) and neck (dorsal), L–N sho
cross section through the upper trunk, and Q and R show a cros
entricle; aq, aqueduct; CS, corpus striatum; es, esophagus; FB, forel
i, liver; LV, lateral ventricle; md, medulla; NE, nasal epithelium; nt
ord; st, striatum; th, thalamus; to, tongue; tr; trachea; and Vg, trige
FIG. 5. Expression of Odz3 and DOC4 in sagittal sections of 12.5
–C show a serial sagittal head section of another 12.5-dpc embry
or DOC4, and en-1 for engrailed-1). The structures marked are
cephalic flexure; co, cochlea; CS, corpus striatum; ct, cortex; DRG,
ja, jaw; lu, lung; LV, lateral ventricle; m, mammillary body neuroe
colliculus); tg, tegmentum; th, thalamus; to, tongue; ve, vertebraend the arrowheads point to nasal epithelia. Scale bars equal 1 mm in
Copyright © 2000 by Academic Press. All rightressing Doc4 (Figs. 5A–5C and 6G–6H). The mammillary
ody expressed high levels of Doc4 and much less of Odz3
Figs. 5A–5C). Both transcripts were detected in the tegmen-
um and isthmus regions (Figs. 5A–5F). At this stage, both
dz3 and Doc4 are highly expressed in the inferior collicu-
us, while hybridization of both probes in the optic tectum
as also observed (superior colliculus in Figs. 5A–5C).
nteresting patterns were also observed in other CNS struc-
bryos. Darkfield panels are marked according to the probes used
d F–H show serial transverse sections of the head, I–K show serial
ial cross sections through the upper trunk and head, O and P show
tion through the mid trunk. The structures marked are 3V, third
bud; he, heart; hu, humerus; hy, hypothalamus; jaw, jaw; la, larynx;
chord; po, pons; RG, root ganglion; RU, radius and ulna; SC, spinal
al ganglion. The arrow points to the dorsal horn of the neural tube,
embryos. D–G show serial sagittal sections of a 12.5-dpc embryo.
rkfield panels are marked according to probes used (3 for Odz3, 4
ourth venticle; aq, mesencephalic aqueduct; cb, cerebellum; CF,
l root ganglia; hi, hippocampus; IC, inferior colliculus; is, isthmus;
elium; NE, nasal epithelium; SC, spinal cord; te, tectum (superior
e bars equal 1 mm.pc em
–E an
w ser
s sec
imb
, noto
min-dpc
o. Da
4V, f
dorsa
pithall panels.
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117Mammalian Odz Gene Familytures involved in sight and in the developing eye. Very high
levels of both genes were observed in the optic recess of the
diencephalon (Figs. 7A–7C), in a pattern similar to that
reported for Pax2 (Fig. 7D; Nornes et al., 1990). Both genes
are also seen in the optic stalk (Fig. 7E and not shown). By
12.5 dpc, Odz3 is expressed in (mostly anterior) lens cells
and in the corneal ectoderm (Figs. 7B and 7E). At later
stages, both Odz3 and Doc4 RNAs were found in the inner
neuroblastic layer of the retina (16.5 dpc in Figs. 7F–7H).
In the pons, Odz3 and Doc4 labeling was largely re-
tricted to ventricular cells (Figs. 5D–5F). The ventricular
xpression of Odz3 (but not Doc4) extends into the rostral
ortion of the medulla, somewhat more caudally than en-1
Figs. 5E–5G and 6B–6D; Davis and Joyner, 1988). As such,
n this region Odz, en-1, and pax2 mark successively more
ature cells (Figs. 6B–6E). From 12.5 dpc onward, high
evels of Odz3 and Doc4 signals were seen in the saccule
Figs. 7I–7K). In the spinal cord, only ventral ependymal
ells express the two genes (Figs. 6I–6R). However, Odz3
lone specifically marks the cells of the dorsal horn (Figs. 6I,
J, 6L, and 6M). Within the peripheral nervous system,
orsal root ganglia expressed high levels of Doc4 and low
evels of Odz3 (Figs. 5D–5F and 6I–6R), while somewhat
igher levels of Odz3 relative to Doc4 were seen in the
rigeminal ganglia (Figs. 6B, 6C, 6J, and 6K and not shown).
Distinct patterns with some overlap of expression were
lso observed outside the nervous system. Distinct patterns
f the two genes were seen in most of the head structures,
ncluding craniofacial mesenchyme and tongue (Fig. 5).
trikingly high levels of Odz3 were also observed in the
ead meninges (Figs. 5B and 5E and 6B, 6G, 6J, and 6M). The
asal epithelium and the trachea expressed high levels of
oc4, but not of Odz3 (Figs. 6L–6P). At mid gestation, high
evels of both genes were observed in the mesentery of the
ut and the urogenital system, and the levels declined
oward late gestation (Figs. 6Q and 6R and not shown). By
ate gestation, Doc4 was expressed in the postmitotic
pidermis of the skin, while Odz3 signal was found in the
ermis (Figs. 7L–7O). The developing limb expressed quite
ven, low, levels of Odz3, while high levels of Doc4 were
estricted to the joints between the bones (Figs. 6L–6P). In
he 18.5-dpc limb, Doc4 signal in the skeleton declined,
hile Odz3 was highly expressed in the outer layer of the
eriosteum and in the muscle epimysium (Figs. 7L–7O).
dipose tissue expresed Doc4, but not Odz3 (Figs. 7L–7O).
FIG. 7. Expression of Odz3 and Doc4 in the developing eye, saccu
probes used (3 for Odz3, 4 for DOC4, and and Pax2 for Pax2). A–D
a 12.5-dpc head. E shows a midsection through a 12.5-dpc eye h
hybridization appears as a blue stain. Note the very high levels of
sections through a 16.5-dpc head (rostral is to the right). I–K show th
show transverse sections through an 18.5-dpc hindlimb. Other stru
de, dermis; ed, epidermis; em, epimysium; lc, lens capsule; le, lens
to condensing mesoderm (future extrinsic ocular muscle). The scal
scale bar in N equals 0.6 mm.
Copyright © 2000 by Academic Press. All rightDISCUSSION
Odz Genes Encode a Unique Family of Distinct
Proteins
Data presented here from cloning, sequencing, Northern
analyses, and database searches indicate the existence of
four mammalian genes which encode polypeptides sharing
the size and features of Drosophila Odz. The 40% amino
acid similarity between Drosophila Odz and the four mam-
malian Odz gene products described here is distributed over
the entire approximately 2700-amino-acid proteins. This is
in contrast to many other EGF bearing proteins whose
similarity to Drosophila Odz is only detectable in the EGF
repeat domains. These gene families, such as Tenascin,
Notch, Serrate, and others, have no detectable similarity to
the Odz sequences outside of the EGF repeat region. In fact,
outside of the EGF repeats, the Odz family sequences bear
no similarity to any other sequences in the database. We
thus consider the four mammalian Odz genes as true
homologs of Drosophila odz and view the series of ho-
mologs as a distinct, relatively isolated family.
Odz Is an Animal Gene
Given the extremely high conservation between Odz
sequences from mice and humans, we assume that each of
the Odz genes are nearly identical between mammalian
species. Genomic Odz sequence from the puffer fish Fugu
(Accession Nos. FR0023361–FR0023395) exists which cor-
responds to a portion of the mouse, rat, and human Odz3
genes (which are 98% identical to each other), with 85%
amino acid identity. This indicates that this Fugu gene is
specifically a Odz3 homolog. By inference, we expect that
Fugu carries additional Odz genes with homology to other
distinct mammalian Odz genes. This, together with the fact
that the four vertebrate Odz genes are equally divergent
from Drosophila odz and the single C. elegans Odz gene,
mplies that radiation and divergence of the four (or poten-
ially more) Odz genes occurred early in the history of
ertebrates. Given the presence of Odz genes in Drosophila,
. elegans, fish, and mammals, and their absense in S.
erevisiae (genome-www.stanford.edu/Saccharomyces/), it
s likely that Odz is common to metazoans, but not to
ower eukaryotes. Further, Southern data (Wides, unpub-
nd limb. Panels displaying expression are marked according to the
w the eye and the optic recess (or) in serial transverse sections of
dized with a digoxygenin-labeled Odz3 antisense probe, so that
ression in the optic stalk (os). F–H show the eye in serial sagittal
cule (sa) region in transverse section through a 12.5-dpc head. L–O
s marked are AT, adipose tissue; bo, bone; co, corneal epithelium;
muscle; po, periosteum; and re, retina. The arrowhead in E points
in A equals 0.25 mm, and A–L are at the same magnification. Thele, a
sho
ybri
exp
e sac
cture
; mu,
e bars of reproduction in any form reserved.
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118 Ben-Zur et al.lished) suggest that Odz genes are not represented in the
plant kingdom and are therefore specifically animal genes.
The Nature of the Odz Proteins
The Drosophila Odz protein predicted from the cDNA
equences clearly contains a highly hydrophobic span fol-
owed by eight EGF repeats. From the sequence, however,
he hydrophobic stretch following the EGF repeats does not
lone unequivocally predict a transmembrane domain. Im-
unochemical proof that Drosophila Odz is phosphory-
ated on tyrosine mandated that some part of the protein is
ntracellular (Levine et al., 1994; Dgany and Wides, unpub-
ished). Our extensive subsequent immunochemical and
iochemical studies of the Odz protein (using a bank of
even antibodies against different regions of Odz) have
emonstrated that the Drosophila protein is a transmem-
rane spanning protein with an intracellular domain from
ust C-terminal to the EGF repeats onward, which is pro-
essed by specific cleavages and which is phosphorylated on
yrosine (Dgany and Wides, in preparation).
We expect the Odz proteins in vertebrates to have the
ame overall structure. By analogy to the fly Odz protein,
e believe that the N-terminal highly hydrophobic stretch
epresents a signal peptide (Fig. 2, box I), followed by EGF
epeats. Carboxy terminal from the EGF repeats are
tretches which are compatible as transmembrane do-
ains, according to the Kyte and Doolittle transmembrane
panning algorithim. Further, according to the PSORT II
rogram predictions, the ODZ1 hydrophobic stretch pre-
icted by the Kyte–Doolittle algorithm is scored as a highly
ikely transmembrane domain. The other proteins are con-
erved at this point (including C. elegans Odz, not shown),
ut do not give conclusive PSORT II scores indicating
ransmembrane domains. Thus the structural predictions
or the transmembrane domains C-terminal from the EGF
epeats are not unequivocal. We nonetheless assume that
he proteins will be placed with regard to the membrane as
s Drosophila Odz. In contrast, when Doc4 was isolated and
equenced (Wang et al., 1998), the authors concluded that
oc4 is a type II transmembrane protein. In the absence of
strongly predicted second transmembrane domain, they
nvision the short N-terminal portion as an intracellular
omain and the C-terminal portion (including 2400 aa and
he EGF repeats) as extracellular. The membrane orienta-
ion of the vertebrate Odz proteins will need to be tested
mpirically, as we did for fly Odz.
While no sequence similarity is detectable to any other
ene family, the overall protein structure that emerged for
y Odz is analogous to that of the protein Notch. Notch too
as, just C-terminal to a block of similar EGF repeats, a
ydrophobic stretch which is not a strong predictor of a
ransmembrane domain according to the Kyte and Doolittle
lgorithm, but which has been proven to represent a trans-
embrane protein with orientation identical to that we see
or Odz (Rebay et al., 1993). Further, as in the case of the
otch gene, when we produce transgenic flies with
Copyright © 2000 by Academic Press. All right-terminal domain truncations, the transgene acts as a
ominant negative gene copy (Wides, unpublished). We
nterpret the Odz transgene product to represent a trans-
embrane protein capable of binding extracellular ligand
thus competing with wild-type Odz), but unable to func-
ion intracellularly, as in the case of the analogous Notch
ransgene.
Vertebrate Odz Homologs Are Expressed in
Overlapping but Distinct Patterns, Which Bear
Analogies to Drosophila odz Expression Patterns
The expression patterns of Odz3 and Doc4/Odz4 in
mouse embryos are highly restricted, partially overlapping,
and clearly distinct. In several regions throughout the
neural axis, both genes are restricted to the ventricular
proliferating cells. However, the strongest expression of the
two genes is seen in many varied domains in the brain,
suggesting restricted developmental roles, rather than a
general neuronal role. The strongest expression in the brain
occurs in the caudal diencephalon and mesencephalon and
later in the developing hippocampus and thalamus. We do
not observe the highly concentrated midbrain/hindbrain
boundary Doc4 expression shown in a whole mount em-
bryo in Wang et al. (1998). Preliminary results suggest that
the expression of mouse Odz2 is strictly restricted to the
nervous system. Within the brain, it appears in as many
varied sites as do Odz3 and Doc4, and partially overlaps
them, but primarily appears in tissue regions where the
other two are not expressed. However, it should be noted
that Odz3 and Doc4 brain expression persists in adults,
with our preliminary data showing expression in the hip-
pocampus, the Purkinje cells of the cerebellum, and other
distinct nuclei and cell types. Similarly in the PNS, the
dorsal root ganglia expression (mainly Doc4) and trigeminal
ganglion expression (mainly Odz3) persist in postmitotic
neurons. Overall, the nervous system expression patterns of
the Drosophila and murine Odz genes suggest functional
conservation between flies and mammals. The CNS is the
site of highest embryonic expression in both cases, portions
of that expression persist into adulthood in both cases, and
sensory PNS structures show expression in both cases.
The Drosophila–murine comparisons extend further, to
include additional expression correlations. Drosophila odz
expression for patterning of the eye is reflected by the
expression of all three mouse Odz genes from around 14.5
dpc in the inner nuclear neuroblastic layer of the developing
eye (Fig. 7 and not shown). Intriguingly, Doc4 and Odz3 are
expressed in the tectum neuroepithelium, and the genes are
very highly expressed in the optic recess and optic stalk,
which is reminiscent of odz expression in processes linking
the compound eye retina to the optic lobes of the ventral
ganglia. The nasal epithelial expression of Doc4 parallels
odz expression in the developing and adult Drosophila
antannae (Levine et al., 1997b). Interestingly, both Odz3
and Doc4 are highly expressed by the mesenchyme of the
lung primordium (at 11.5 dpc), and this expression is
s of reproduction in any form reserved.
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and somewhat later for Doc4) (not shown). Expression of
Odz in Drosophila and mouse occur in analagous structures
which have been shown to be patterned by homologous
signaling mechanisms: tracheae in flies and trachea (and
early developing lungs) in the mouse.
The diverse array of tissues expressing the murine genes
hint at a variety of developmental functions in specific
neuronal and mesodermal processes that are performed by
one or several members of the emerging mammalian Odz
family. Genetic analysis to elucidate the developmental
roles of each of the genes will be important for furthering
our understanding of these genes’ actions.
Mapping Indicates Suggestions of Odz Candidate
Mutations
The ODZ1 (called ODZ3 in (Ben-Zur and Wides, 1999),
see note in proof) human sequence from the Human Ge-
nome Project (Chromosome X contig 993 in the Human
Genome Data Base (GDB), http://gdbwww.gdb.org/) resides
at Xq25 near the tip of the X chromosome. The genomic
position of two of the mouse genes were determined using
recombinant inbred (RI) (Taylor, 1989) mouse strains of the
cross C57B1/6J X DBA/2J (Ben-Zur and Wides, 1999). Odz2
(called Odz1 in (Ben-Zur and Wides, 1999), see note in
roof) maps to chromosome 11, at 18 cM on the genetic
ap. Doc4 was localized to mouse chromosome 7, between
46 and 50 cM. This places Doc4 near or within a set of
overlapping deletions covering the tyrosinase (c) gene,
which may prove to be very helpful in precise mapping of
Doc4 on physical and genetic maps (Niswander et al., 1989).
The ranges of initial placement of these Odz genes suggest
many unassigned early developmental mutations or disease
genes for each of the genes. Based on the expression patterns
reported here we expect Odz mutations to affect many
developmental processes, and potential preexisting muta-
tions will provide an important path toward searching for
Odz mutants and their effects.
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Note added in proof. While this paper was under review, other
publications reported on the discovery of these genes in different
vertebrates. In two publications, more than one gene was reported,
and the genes were named Ten-m1 through Ten-m4 (Oohashi et al.,
J Cell Biol. 145, 563–577, 1999; and Mieda et al., Mech. Dev. 87,
Copyright © 2000 by Academic Press. All right23–227, 1999). To reduce confusion, we have renumbered the
dz1–Odz4 genes to correspond with the Ten-m1–Ten-m4 gene
umbering. As a result, the gene we called Odz1 in Ben-Tzur and
ides, Genomics 58, 102–103, 1999, appears in this paper as Odz2,
and the gene we called ODZ3 in the previous paper appears here as
ODZ1.
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